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complexed with its receptor, sialic acid 
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The three-dimensional structures of influenza virus haemagglutinins complexed with cell receptor analogues show sialic 
acids bound to a pocket of conserved amino acids surrounded by antibody-binding sites. Sialic acid fills the conserved 
pocket, demonstrating that it is the influenza virus receptor. The proximity of the antibody-binding sites suggests that 
antibodies neutralize virus infectivity by preventing virus-to-cell binding. The structures suggest approaches to the design 
of anti-viral drugs that could block attachment of viruses to cells. 



The haemagglutinin glycoprotein (HA) of the influenza virus 
membrane is responsible for binding the virus to cell-surface 
receptors during infection. The only known components of the 
receptors necessary for this interaction are sialic acids (Fig. 1); 
the virus does not bind to or infect neuraminidase-treated cells 1,2 , 
and binding is restored by re-sialation 3 or addition of sialated 
glycolipid 4 ' 5 . The region of the haemagglutinin involved in 
receptor binding has been deduced from studies of mutant 
haemagglutinins with different binding specificities to involve a 
pocket of amino acids at its membrane distal surface 6 (Fig. 2a). 
The pocket is surrounded by residues that vary with changes in 
antigenicity and is in fact the only suface exposed on the top 
of the HA that has not changed during the antigenic drift that 
has occurred in the HAs of Hong Kong influenza viruses since 
the pandemic of 1968 (Fig. 2b). 

Using X-ray crystallography, we have determined the struc- 
ture of the HA of a receptor binding mutant 6 for comparison 
with the structure of the wild-type molecule 37 , and we have also 
determined the structures of both mutant and wild-type HAs 
complexed with sialyllactose, a trisaccharide receptor analogue. 
The results obtained provide insight into how influenza vims 
attaches to a cell, they allow assessment of mechanisms of 
infectivity neutralization by antibodies, and they contain 
information which will assist development of anti-viral drugs 
designed to block viral entry into cells. 

The receptor binding site 

Topographically, the binding site is a depression, the bottom of 
which is formed by the phenolic hydroxyl of Tyr 98 and the 
aromatic ring of Trp 153 (Figs 3 and 2c). Glu 190 and Leu 194 
project down from a short a- helix to define the rear of the site 
with His 183 and Thr 155 (Fig. 3). Residues 134 to 138 form 
the 'right' side of the site, and residues 224 to 228 form the 'left 1 
side. 

Interactions among the conserved residues forming the sur- 
face of the pocket, and between these and a conserved 'second 
shell* of residues, appear to orient several of the surface atoms 
for binding to ligand (Fig. 3): a chain of hydrogen bonds links 
Trp 153, Tyr 195, His 183, Tyr 98, and via a water molecule, 
Glu 190; Trp 153 is part of an edge-to-face stack of aromatic 
rings 7 with Phe 147 and Phe (or Tyr) 148. This local stabilization 
may be important for maintaining the geometry of the site despite 
the numerous amino-acid substitutions observed to occur 
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Fig. 1 Sialyllactose: «-N-acetyl neuraminic acid (a-NeuAc), a 
sialic acid, linked <x{2, 6) or a (2,3) to lactose (galactose~0(l,4)- 
glucose), binds to the influenza HA. The a-anomers of sialic acids 
have their carboxylate axial to the pyranose ring at the 2 position. 
The acetamido and glycerol moieties of a-NeuAc are equatorial 
to the ring at the 5 and 6 positions, respectively. 

around its perimeter in the haemagglutinins of new epidemic 
strains which arise every few years. Patterns of local stabilization 
in other saccharide-binding proteins have been discussed by 
Quiocho 8 . 

HA-receptor analogue complexes 

Complexes of wild-type HAs with a (2,6) linkage receptor 
specificity (Table 1 caption) were prepared by soaking HA 
crystals in a (2, 6) sialyllactose (NeuAca(2,6)GaI/3(l,4)Glc), a 
trisaccharide with the same composition and linkages as the 
termini of many cell surface oligosaccharides. Table 1 summar- 
izes details of X-ray data collection and processing, and Fig. 
4a shows the difference electron density between a (2,6) sialyl- 
lactose bound to HA, and HA without sialyllactose. The density 
shows a flat central core with in-plane protrusions corresponding 
to the ring substituents of a-NeuAc, and an out-of-plane bulge 
at one end protruding downward towards the protein that corre- 
sponds to the axial carboxylate substituent at C2. A similar 
difference electron density peak is seen between the complex 
of a. (2,3) sialyllactose bound to the mutant HA and the mutant 
HA without sialyllactose (Fig. 46), indicating that a-NeuAc is 
bound in essentially the same way in the two sites. Three water 
molecules found upon crystallographic refinement of both wild- 
type and mutant unliganded sites (Table 1) appear to be dis- 
placed by the a-NeuAc. The fact that the water molecules are 
near the carboxylate and glycerol 8 and 9 positions of a-NeuAc 
(Fig. 4c) appears to explain the weak or absent density around 
those atoms in Fig, 4a>b. 

No electron density corresponding to the galactose or glucose 
moieties of sialyllactose can be seen in either complex. This 
suggests that in the crystals the lactose is spatially disordered 
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Table 1 Crystallographic data 
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The bromelain-released haemaggtutinins were prepared as previously described 37 ; all crystallize isomorphously in space group P4 t (ref. 37). 
Crystals of D1112G were grown by microdialysis of a 35 mg ml -1 protein solution against 1.30-1.34 M Na 3 citrate/0,1% NaN 3 /pH 7.5. Crystals of 
L226Q were grown under similar conditions, except that citrate concentration was in the range 1.34-1.38 M. For the sialyllactose studies, crystals 
were washed by four serial transfers through 1.35 M Na 3 citrate/0.1% NaN 3 //?H 7.5 (D1112G) or 1.48 M Na 3 citrate/0.1% NaN 3 /pH 7.5 (L226Q) 
buffer to remove contaminating viral neuraminidase, then soaked in the same buffer containing 25 mM sialyllactose for 12 to 24 h before data 
collection. After data collection, the soaking solutions were assayed for free sialic acid 38 to ensure that residual neuraminidase had not broken 
down the substrate; no significant breakdown of sialyllactose occurred. Data were collected on V oscillation photographs, using both rotating 
anode (r.a.) and synchrotron X-ray sources. Films were scanned using the program SCAN12 (ref. 39), modified for the VAX by R. C. Ladner, and 
processed with programs provided by Dr. P. Evans of the MRC. Polarization corrections for the synchrotron films were done essentially as in Kahn 
et a/. 40 , using estimates of the fraction of the primary beam polarized in the horizontal direction (0.80 at SSRL, 0.82 at CHESS), Partially recorded 
reflections were corrected to their fully recorded equivalents using P. Evans' version of the postrefinement procedure 41 . Data sets were scaled to 
one another using a linear and an isotropic temperature (exponential) factor. All statistics given are for the range between 12.0 A and the resolution 
limit of the data. Crystallographic least-squares refinement of the structures was performed with the program of Heodrickson and Konnert 42 . 
Haemagglutinins are named relative to the A/Aichi/68 (H3N2) HA, using the single letter amino acid code. L226Q, for example, is a single amino 
acid mutant with 226 changed from L to Q: residues are numbered 1-328 in HA! and 1,001 to 1,175 in HA 2 . D1112G and G146D both have 
wtld-type receptor binding sites; their substitutions are remote from the site. They were studied in place of the wild type for practical reasons. The 
wild-type virus preferentially binds erythrocytes derivatized with a (2,6) linked sialic acid, while the L226Q mutant preferentially binds a (2,3) 
linked sialic acids 2 . 

* Isolated from human milk (Sigma; 85% a(2,6) isomer, 15% ar(2,3). 

•f Isolated from bovine colostrum {Sigma; 85% or (2,3) isomer, 15% «(2,6)). 

t Rotating anode Elliot GX-6 at 39 kVx 19 mA or GX-13 at 39kVx39 mA, CuKot radiation, 100 jtm focus cup, Franks double mirror optics. 
Exposure time, 12 h per 1° film. Temperature, 4 °C. 

§ Cornell High Energy Synchrotron Source. Wavelength, 1.557 A (from postrefinement). Bent crystal monochromator (Si[lllJ) horizontal focus, 
mirror vertical. Exposure time, 40-80 s per 1°. Temperature, 20 °C 

11 Stanford Synchrotron Radiation Laboratory. Wavelength, 1.5418 A. Optics as CHESS. Exposure time, 3-6 min per 1°. Temperature, 20 °C. 
1! ^im 5 =ZhkiIabJ^Sbl-(^ 11kl >/Ihk£ob S ^bi' The #int,whoie column gives the R factor on fully recorded intensities before postrefinement, and the 
^im,aii column gives the R factor on intensities after postrefinement, including all reflections with percent recorded greater than the value given in 
parentheses. 



~K2 il/LhJf 7 ! 111 '!* where 1 and 2 refer to the data sets on the lines immediatedly above and below the entry in this column. 



when bound, an observation consistent with binding studies 
done in solution (see below). After crystallographic least-squares 
refinement, only the C6' and C5' atoms linking a-NeuAc to Gal 
could be placed in the «(2,6) sialyllactose complex (that is, in 
2F 0 ~F C maps). 

Neither difference Fourier map shows any evidence of confor- 
mational changes in the protein upon ligand binding. 

Atomic model 

We present an atomic model for how the HAs of a wild-type 
(Fig. 4c) and a mutant (Fig. 2c) influenza virus bind sialic acid, 
based on interatomic distances (Fig. 5) obtained from restrained 
least-squares refinement of the four structures listed in Table 
L The features of the model are found in both the wild -type 
and mutant sialyllactose complexes, but at the 3 A resolution 
limit imposed by the HA crystals, it is not possible to define 
with complete certainty all hydrogen bonds or other inter- 
molecular interactions. A discussion of supporting evidence for 
the model is given after a brief description. 

The essential features of the model are that sialic acid is 
bound in the she with one face of the pyranose ring towards 
the bottom of the depression, and with the other face exposed 
to solution. Each of the ring substituents unique to a-NeuAc 
(Fig, 1) interacts with the protein, while the ring atoms and the 
4-hydroxyl do not. One carboxylate oxygen, the acetamido 



nitrogen, and the 8- and 9-hydroxyls of the glycerol face into 
the site and hydrogen bond with conserved side chain and main 
chain polar atoms (Fig. 5a, b); the acetamido methyl group is 
centred over and in van der Waals contact with the six-membered 
ring of conserved Trp 153; Trp 153 and conserved Gly 134, Leu 
194 and His 183 form a non-polar surface complementary to 
and in contact with a non-polar surface on sialic acid formed 
by C9, C7 and the acetamido methyl group. The hydroxyls at 
positions 4 and 7 (Fig. 1) and the acetamido carbonyl oxygen 
face toward solution; the 7-hydroxyl and acetamido carbonyl 
may form an intramolecular hydrogen bond as observed pre- 
viously in crystals of the /S-NeuAc methyl ester 9 . 

About 66% (310 A 2 ) of the solvent-accessible surface 10 of the 
sialic acid is buried upon binding to the HA, and all of the 
atoms making hydrogen bonds to the protein (the 8 and 9 
hydroxyls, one carboxylate oxygen, and the acetamido nitrogen) 
are completely inaccessible to solvent when bound. This suggests 
that these atoms form stronger hydrogen bonds to the protein 
than to water, as regions isolated from bulk solvent tend to have 
smaller dielectric constants 11 . The interaction of the carboxylate 
with a main chain amide proton (N137) rather than with a 
positively charged residue appears to be another example of the 
'solvation' of buried charges by peptide bonds 12 , although the 
partial solvent accessibility of the other carboxylate oxygen may 
diminish this effect by dispersing the charge. 
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Fig. 3 The receptor binding site showing hydrogen bonding 
among conserved residues in site. See text for details. 



Some of the observed interactions are similar to those in the 
recognition of N-acetyl groups by wheat germ agglutinin 
(WGA) 13 ' 14 and lysozyme 15 : in WGA the methyl group contacts 
the center of a tyrosine ring, and in lysozyme, an amide proton 
hydrogen bonds to a main chain carbonyl oxygen. 

Mutant binding site 

The amino acid substitution of glutamine for leucine at 226 
(L226Q) reduces the affinity of the HA for sialosides with a (2,6) 
linkages relative to or (2,3) linkages 6 ' 16 ' 17 . Recent proton nuclear 
magnetic resonance (NMR) measurements of the binding of 
a(2,6) and a(2,3) sialyllactose to the mutant HA (N. Sauter, 
M Bednarski, B. Wurzburg, G. Whitesides, J. Skehel and D. 
Wiley, unpublished) indicate an affinity reduction of about 
two-fold (or only about 0.4 Kcal moV 1 difference in binding 
energy). No direct X-ray data are currently available to help 
explain this reduction in affinity. In the wild-type plus a (2,6) 
sialyllactose and mutant plus a (2,3) sialyllactose complexes 
(which have approximately equal affinities in solution), 
however, none of the linkage atoms (02 of NeuAc, C6', C3' of 
Gal) are near the side chain at position 226. Thus the affinity 
reduction does not appear to be determined by a direct interac- 
tion between the substituted side chain and the linkage atoms. 
Instead, the affinity difference is more likely to result from 



Fig, 4 Stereo pairs of a- New Ac fitted to 
difference electron-density maps of wild-type 
(a) and L226Q mutant (b) site. See text for 
interpretation. The osNeuAc model shown is 
based on the crystal structure of the jS-anomer 47 
with the carboxylate moved to the axial posi- 
tion. Maps have been averaged about the 
molecular three-fold symmetry axis, using the 
programs of Bricogne 48 . a, Difference density 
between wild-type site (D1112G) plus a(2,6) 
sialyllactose and the uncomplexed site. The 
peak shown is the only significant peak on the 
map aside from a peak at 1112 due to known 
sequence differences 49 . (The map is calculated 
with coefficients ( JFgi* «c+W>-Wyii«io« - 
Ffte 60 ) and phases from a refined G146D 
model 50 ; contoured at 1.75 to 3.25cr above the 
mean density, in steps of 0.5 <r.) b, Difference 
electron density between mutant L226Q binding 
site plus a (2,3) sialyllactose and the uncom- 
plexed mutant site. The peak shown is one of 
two significant peaks on the map. The other is 
a spherical peak, smaller than a monosac- 
charide, located in an interior cavity on the 
molecular three-fold symmetry axis 49 . (The map 
is calculated with coefficients 

(F tg6Q+(2.3) Siamese - Jf?JgWQ) p The phases 

are calculated from a model of L226Q based on 
the G146D model 50 , refined for 13 cycles of 
restrained least squares refinement 42 against the 
L226Q+ sialyllactose data (Table 1). The map 
is contoured at 2.0 to 3.5 tr above the mean 
density, in steps of 0.5<r.) c, Wild-type receptor 
site with sialic acid, stereo pair. Residues with 
solid bonds are conserved in all known HA 
sequences from natural isolates. Sialic acid is 
shown with solid spheres. Three water 
molecules displaced by sialic acid binding are 
indicated by X's. Criteria for water molecule 
positioning: (1) present in three-fold averaged 
and unaveraged F Q -~F C maps: (2) present in 
both wild type (G146D) and mutant (L226Q) 
F 0 -F c maps; (3) positions and temperature 
factors refined stably in both crystals; (4) con- 
tour level above any significant peaks in bulk 
solvent region; (5) reasonable distances to 
hydrogen bond donor and acceptors. Diagram 
drawn with ARPLOT 51 , 
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conformational differences between the mutant and wild-type 
proteins. 

Figure 6 shows the difference in conformation between the 
mutant L226Q and wild-type HAs in the binding site region, 
based on the analysis of a difference electron density map and 
refinement of both structures (Table 1). Positive and negative 
difference electron density peaks indicate that the carbonyl 
oxygen and amino nitrogen of the glutamine side chain project 
up toward solution above one leucine methyl position, whereas 
the position occupied by the *lower' methyl of the leucine is 
vacated (Fig. 6). A series of other positive and negative difference 
electron density peaks indicate small adjustments (<1 A) of 
residues in the site, presumably to fill the void created by the 
loss of one methyl group of Leu 226 and to accommodate the 
new potential for hydrogen bonding of the glutamine. Tyr 98 
occupies some of the space vacated by this methyl group, and 
Trp 153, Phe 147 and His 183 adjust to accommodate this change. 
The loss of a contact between Leu 226 and Ala 138 (Fig. 5a t b) 
"allows" the site to 'close' slightly and a new hydrogen bond 
to be made across the site from Gin 226 to Ser 136. Smaller but 
significant shifts in residue position (not shown) appear to be 
transmitted through positions 185 (near His 183) and 228 to 
218, 219, 222 on a p strand adjacent to 226, and to residues 246 
and 165 (including its N-linked oligosaccharide) adjacent to 
this strand but across the trimer subunit boundary. The confor- 
mational adjustments seen in the mutant HA are consistent with 
earlier suggestions 18 " 20 that changing residues remote from the 
site (244 adjacent to 246, 185, 188, 189, 218, 231 adjacent to 
184) can affect receptor affinity. In some way these small confor- 
mational differences produce a reduced affinity for a (2,6) linked 
sialosides relative to a (2,3) sialosides. 



Fig. 2 The influenza virus haemagglutin binding sites. a t Location 
of the three receptor binding sites on the influenza haemagglutinin. 
The HA is a trimer composed of three HA t chains (blue) and three 
HA 2 chains (red) (only a carbons are shown). Each site is com- 
posed of conserved residues within a single HA, monomer; these 
residues are shown as green dot surfaces. 6, Top view of the 
haemagglutinin trimer illustrating antigenic variation around the 
three receptor-binding sites (white arrows). Only the or carbons 
(coloured as in b) are shown. Residues in yellow are those of the 
A/Aichi/68 HA that have varied between 1968 and 1982 in natural 
isolates, and also those from antigenically distinct viruses with 
single amino acid substitutions selected by growth in neutralizing 
monoclonal antibodies. The N-linked carbohydrate at Asn 165, 



which protects the protein surface from antibody pressure , is 
also shown in yellow. The bar represents 25 A, the approximate 
size of an antibody 'footprint' 25 ' 2 * 27 . Antigenic sites surrounding 
receptor binding sites have been noted for influenza neuramini- 
dase 44 , influenza HA 45 and rhinovirus 46 . c, Binding site of L226Q 
HA with a-NeuAc bound. Yellow, carbon; blue, nitrogen; red 
oxygen; dashed green lines, one possible set of hydrogen bonds 
(see text and Fig. 56). Picture generated on Evans and Sutherland 
PS300 with HYDRA (R. Hubbard, unpublished). 



Surprisingly, deletion of residues 224-230, which removes the 
left side of the site (Fig. 3) results in a viable virus, albeit with 
altered binding characteristics 21 . This deletion does not remove 
any of the conserved residues or atoms that interact directly 
with a (2,6) sialosides, 

Receptor binding in solution 

The interactions of each substitutent of the sialic acid ring with 
the HA observed in the crystal structures are consistent with 
those deduced from measurements in solution. The acetamido 
methyl proton NMR resonace exhibits a strong upfield chemical 
shift upon binding to the HA, characteristic of an interaction 
with the face of an aromatic ring (N« Sauter, M, Bednarski, B. 
Wurzburg, G. Whitesides, J. Skehel and D. Wiley, unpublished). 
This is consistent with the observation (Fig. 5a> b) that the 
methyl group interacts with the center of the six-membered ring 
of Trp 153. This ring-current shift occurs in the binding of both 
a (2, 6) and a (2, 3) sialyllactose, as well as other sialosides, to 
HAs of both the wild-type and L226Q mutant viruses, confirming 
our observation (Fig. 4a, b) that sialic acid binds in the same 
orientation to both HAs. A change at amino acid 155 from Thr 
to Tyr has been correlated with an increase in affinity for 
N-glycolyl neuraminic acid, a sialic acid with the methyl group 
of the acetamido substituent replaced by a hydroxymethyl 
group 22,23 . This is also consistent with the location of the methyl 
group over Trp 153 and facing towards amino acid 155 (Figs 3, 
4c). 

The interactions observed in the crystal structures at the 
glycosidic linkage, the carboxylate, and the 9-hydroxyl are con- 
sistent with relative binding affinities for the HA assessed by 
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the ability of several sialosides to delay viral adsorption to 
sparsely sialated erythrocytes 17 . Inhibition by a-anomeric sialo- 
sides is relatively independent of the group attached at the 
glycosidic oxygen (02) of sialic acid (ref. 17 and T. Pritchett, 
R. Brossmer and J. Paulson, unpublished). This is consistent 
with the spatial disorder of lactose inferred from the crystal 
structures (Fig. 4a, b) t which suggests that components of a- 
sialosides linked at 02 do not interact strongly with the HA and 
therefore contribute little to inhibition of viral adsorption. 
Evidence that the axial carboxylate at C2 of a-sialosides inter- 
acts with the protein in solution as observed in the crystal 
structures (Fig. 4c) is provided by the observations that a- 
anomers (axial carboxylate) inhibit 30-fold better than p- 
anomers (equatorial carboxylate), and that the methyl ester of 
a-anomers is a 10-fold weaker inhibitor than the free acid (T. 
Pritchett, R. Brossmer and J. Paulson, unpublished), consistent 
with the loss of a charged hydrogen bond and the fairly tight 
fit of the carboxylate in the site. The absence of any interaction 
between the 4-OH and the HA is consistent with the observation 
that acetylation at that position does not affect inhibition 24 . 
Conversely, the tight packing of 09 seen in the crystal structures 
may explain why influenza A viruses fail to bind to erythrocytes 
derivatized exclusively with 9-0-acetyl neuraminic acids 22 ; the 
addition of an acetyl group of 09 would not appear to fit in the 
complexes that we have observed. 

Neutralization of virus infectivity 

In this study, the receptor binding site of the influenza virus 
HA has been shown to be a conserved pocket of amino adds 
surrounded by antigenically variable antibody binding sites. 
Sialic acid occupies the entire pocket, indicating that this 
monosaccharide is the dominant component of the influenza 
virus cellular receptor, and the only component for which a 
binding site is conserved during the antigenic evolution of the 
HA. These observations provide a structural proof that the 
influenza virus receptor is sialic acid. 

The majority of antigenic sites surround the receptor-binding 
site, and it appears likely that antibodies bound to these sites 
would block receptor binding, just as in vitro they prevent 
haemagglutination. Furthermore, because of the large binding 
surface of an antibody (20 x 30 A 'footprint* 25 ' 27 ), it is probable 
that even if an antibody were directed at the conserved residues 
in the sialic acid binding site, it would contact a number of 
non-conserved residues on the edges of the site and would 
therefore be rendered ineffective by the antibody-selected vari- 
ation of those residues. Neither the precise mechanisms involved 
in the neutralization of virus infectivity by antibodies nor the 
number of antibodies required for neutralization either in vitro 
or in vivo have been directly determined (reviewed in refs 28-30). 
It is possible, for example, that virus-antibody complexes are 
not taken into endosomes even if limited HA-receptor interac- 
tion is sufficient for virus-cell association, and it is also possible 
that antibody binding to certain regions of the HA prevents the 
membrane fusion activity of the HA more effectively than it 
does receptor binding. From the results of this study, however, 
indicating the proximity of receptor binding and antibody bind- 
ing sites, it seems reasonable to propose that a major mechanism 
by which antibodies neutralize influenza vims is by an effect on 
virus-receptor interactions. 

Receptor tropism 

The HA specificity for a(2,6) and <x(2,3) linked sialosides of 
human, avian and equine influenza isolates correlates with 
species of origin, suggesting that receptor specificity plays a role 
in the biology of the virus 16 . Avian influenza viruses replicate 
in the intestinal tract of their host, and this tissue tropism appears 
to require Gin at position 226 and Gly at position 228 of the 
haemagglutinin 31 . The haemagglutinin of influenza virus 
A/Duck/Ukraine/63, a virus which may be closely related to 
the progenitor of the human Hong Kong influenza viruses 32 , 
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Fig, 5 Potential interactions of a-NeuAc with wild-type (a) and 
L226Q (b) virus HA. Potential hydrogen bonds (dashed lines) and 
van der Waals contacts (dotted lines) in wild type (D1112G)+ 
a(2,6 sialyllactose) (a) and in L226Q+<*(2,3) sialyllactose (b). A 
star (*) next to a box indicates that the residue is conserved in all 
known HA sequences from natural isolates; a star next to an atom 
means that it is main chain or conserved in substitutions, a, Coor- 
dinates from a refined model of D1112G+a-NeuAc. b, Coordin- 
ates from a model of L226Q+ a-NeuAc. (The distances shown (in 
A) are averages of the same distance in the three sites of the refined 
trimer models. Distances shown next to the atoms of the six- 
membered ring of Trp 153 are to the acetamido methyl group of 
NeuAc. Some atoms are shown with more hydrogen bonds than 
they can actually participate in, due to uncertainties in the refined 
coordinates [the coordinate error is approximately 0.3 A].) 
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Fig. 6 Stereo pair of the difference 
electron density between the mutant 
L226Q and wild-type binding sites. 
The refined G146D (wild-type) and 
L226Q (mutant) coordinates are 
superimposed, with the mutant in the 
bolder lines. (See text for interpreta- 
tion.) (The map is calculated with 
coefficients (rig* - FSF*) and 
the same phases used in the map 
shown in Fig. 4a. Map contoured at 
3.0~4.5or above the mean, in steps of 
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0 5<r. Positive contours are shown as solid lines, negative dashed. Averaged about the molecular three-fold symmetry axis.) 



differs from the HA of the 1968 Hong Kong virus by 21 amino 
acids 33 * 34 . One of these differences is giutamine at position 226, 
and accordingly this avian virus, like other avian and equine 
influenza viruses 1 *' 35 , preferentially binds to a (2,3) linked sialo- 
glycoconjugates 36 . A mutant of A/ Duck/ Ukraine/63 selected 
for a (2,6) binding has the single substitution Q226L 36 , the 
reverse of the receptor site mutant studied here, indicating that 
even in a background of other amino acid substitutions, the 
conformational differences that we have observed between the 
single amino acid mutant and wild-type HAs influence receptor 
binding specificity. 

Prospects for drug design 

We have presented an atomic model for how influenza virus 
recognizes its cellular receptor, sialic acid. The details of the 
sialic acid- HA interaction provide a possible basis for the design 
of anti-viral drugs that would block viral attachment to cells. 
An inhibitor targeted to the conserved residues and atoms of 
the receptor binding site is particularly attractive, as it might be 
effective against influenza virus of all subtypes. This is a com- 
paratively simple system for drug design: upon binding, no 
chemical reaction takes place, and apparently no conformational 
changes occur in the protein. Moreover, a drug targeted at the 
receptor binding site needs only to be presented extracellularly 
(to the respiratory tract), avoiding the complication of creating 
a compound that can cross a cell membrane. At present, 



however, our ability to design such drugs is limited by the 
resolution of our X-ray data, as well as the more fundamental 
problem of predicting the energetics of an intermolecular inter- 
action from structural data. 

Despite the limitations of the present structures, the interac- 
tions identified in this work lend themselves to design of HA 
inhibitors. Strengthening existing intermolecular hydrogen 
bonds by changing the electronic structure around the relevant 
ligand atoms may be possible, as well as adding additional 
atoms at favourable sites. Any attempt at drug design will have 
to consider the cooperativity of the virus-cell surface interaction. 
Even a compound with a substantially higher intrinsic affinity 
for the site will probably have to be presented as a polymer or 
on a microsurface to overcome the large effective affinity pro- 
duced by the cooperative binding. 
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